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Defective renal calcium reabsorption in genetic hypercalciuric rats.
Idiopathic hypercalciuria is a frequent cause of calcium (Ca) containing
kidney stones. We have previously shown that there is increased intestinal
Ca absorption in selectively inbred genetic hypercalciurie stone forming
(GHS) rats; however, excess Ca excretion persists when the rats are fed a
low Ca diet indicating a defect in renal Ca reabsorption and/or increased
bone resorption. To determine if GHS rats have a defect in renal Ca
reabsorption we performed '4C-inulin clearance studies on parathyroid-
ectomized female GHS and control (Ctl) rats. After three baseline
collections, chlorothiazide (CTZ) or furosemide (FUR) was infused and
three more collections were obtained. Both GFR and filtered load of Ca
did not differ among the groups; however, fractional and absolute
excretion (UV) of Ca was three times higher in GHS rats. The increased
Ca excretion was not diminished by a low Ca diet. Urine flow rate nearly
tripled in all rats after either FUR or CTZ. After CTZ, UaV was
decreased to a greater extent in GHS compared to Ctl rats. After FUR,
UV was increased to a greater extent in Ctl rats compared to GHS rats.
These data indicate that OHS rats have a defect in renal Ca reabsorption,
in addition to increased intestinal Ca absorption. The effect of CTZ was
greater, and that of FUR was smaller, in GHS compared with Ctl rats,
suggesting that the defect in renal Ca handling might be at the level of the
thick ascending limb.
In humans, idiopathic hypercaleiuria is generally associated
with increased urinary calcium oxalate and calcium hydrogen
phosphate supersaturation frequently leading to stone formation
[1—5]. Potential mechanisms for the pathogenesis of idiopathic
hypercalciuria may involve: (1) an increase in intestinal calcium
absorption; (2) enhanced bone demineralization; and/or (3) de-
creased renal tubular calcium or phosphorus reabsorption [2,
6—9]. Family studies have shown that idiopathic hypercalciuria
appears to have a genetic origin [10—12]. Despite extensive
investigation the precise mechanisms for the hypercalciuria have
not been determined in humans.
Because of the difficulties in distinguishing among dietary and
genetic factors that may influence calcium metabolism in patients
with hypercalciuria, we established through selective inbreeding, a
colony of genetic hypercalciuric stone forming (OHS) rats [13].
Compared to normal rats these animals exhibit increased urinary
calcium excretion [13] and increased urinary supersaturation with
respect to calcium oxalate and calcium hydrogen phosphate [141.
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After 18 weeks of being fed a normal calcium diet every one of the
hypercalciuric animals developed kidney stones, while there were
no stones in control animals [15]. The primary defect causing the
hypercalciuria in these animals appears to be increased intestinal
calcium absorption [131 associated with an increased number of
1,25(OH)2D3 receptors [16].
When the GHS rats are placed on a low calcium diet, their
urinary calcium remains higher than that of controls, indicating an
additional cause of hypercalciuria. The inability to conserve
urinary calcium must be due either to a primary defect in renal
tubular calcium reabsorption and/or a primary increase in bone
resorption [17]. Bone, as the repository of —98% of body Ca [18],
must he the source of this additional urinary Ca when the GHS
rats are fed a low Ca diet, Indeed, the bones from these hypercalci-
uric rats release more calcium in response to 1,25(OH)2D3 than
bones from control rats, suggesting enhanced bone resorption as a
cause of the excess urinary calcium excretion on a low calcium diet
[19]. However, these studies do not allow us to exclude a concomitant
primary defect in renal calcium homeostasis.
The purpose of the present study was to determine if the GHS
rats have a primary defect in renal tubular calcium reabsorption.
In order to better characterize any tubular defect in Ca handling,
we evaluated the effects of furosemide (FUR) and chlorothiazide
(CTZ) on renal Ca transport in rats fed either a normal or a low
Ca diet. Using clearance techniques, we equalized the filtered
load of calcium and eliminated the effects of parathyroid hormone
activity in order to compare urinary calcium handling in the GHS
and control rats under basal and diuretic conditions. We found
that GHS rats had a primary defect in renal Ca reabsorption and
the diuretic studies suggest that the site of the defect might he at
the thick ascending limb.
Methods
Animals
A colony of genetic hypercalciuric stone forming (OHS) rats
was previously established by screening Sprague-Dawley rats fed a
standard normal calcium (Ca) diet and breeding the most hyper-
calciuric males and females [13]. This process has now been
continued for more than 40 generations [14—17, 19]. Three
generations (32—34) of female inbred GHS rats, and female
weight-matched control (Ctl) Sprague-Dawley rats (Charles
River, Boston, MA, USA) were used in this study. Ctl and GHS
rats were fed either a normal Ca diet (NCD; Teklad Premier,
Madison, WI, USA) that contained 0.6% Ca or a matched 0.02%
low Ca diet (LCD) for at least for seven days prior to study [13,
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17]. Both diets also contained 0.65% phosphorus, 0.24% magne-
sium, 0.40% sodium, 0.43% potassium, and 2.2 IU vitamin D3 per
gram of food. Control and GHS rats were fed comparable
amounts (13 g) of either diet; a quantity of food that we have
previously shown to be completely consumed by animals of this
size [20]. Any rat that did not eat at least 11 g of food on any day
was eliminated from the study. All animals were provided free
access to deionized distilled water.
Preparation for inulin clearance studies
Twenty Ctl and 20 GHS rats were subjected to 4C-inulin
clearance studies. Twelve Ctl and 12 GHS rats were maintained
on NCD while 8 of each were kept on LCD prior to the inulin
clearance study. Animals were deprived of food, but not distilled
water, for 18 hours prior to study. On the day of the experiment
each animal was anesthetized by intramuscular injection of pen-
tobarbital sodium (40 mg/kg). Tracheostomy was performed using
polyethylene (PE) 200 catheters. Tapered PE 50 tubing catheters
were inserted under microscopic visualization into the femoral
artery (for blood sampling) and femoral vein (for infusion);
incisions were closed using staples. Rectal temperature was
monitored with a probe during the experiment and maintained at
37°C using an infrared lamp. Urine samples were taken from a
bladder catheter which was made by tapering PE 50 tubing. Only
female rats were used so that urine samples could be collected
completely without bleeding or leaking from the urethra. Gross
contamination of urine with blood was checked by centrifuging
the urine at 3000 rpm for five minutes and examining the pellet for
blood [21]. Rats were excluded if the urine was contaminated with
blood.
After these procedures were completed, a bolus of 2 ml normal
saline was given intravenously and then selective total parathy-
roidectomy (PTX) was performed by surgical removal of the
glands [21—23]. Blood samples were taken before and after PTX
for determination of Ca concentration. In each case, PTX was
regarded as successful, and the rat used for further study, only if
total plasma Ca concentration fell below 7 mg/dl [21—23]. After
the surgery was completed, 300 j.tl of 0.9% NaCl with 10 mg/dl
CaCl2 solution (NS/Ca) with 100 U/mi heparin was given as a
bolus followed by an infusion at 1.2 mi/hr plus urine output of the
previous 30 minutes [21]. In addition, I tCi of 14C-methoxyinulin
was injected as a bolus followed by an infusion at 4 j.Ci/hr to
maintain a steady state [24]. After blood samples were taken and
plasma was removed, the blood cells were mixed with the same
volume of NS/Ca and returned to the animal over five minutes.
Clearance studies
Basal period. After approximately 30 minutes of infusion, which
followed the PTX by more than one hour, the clearance study was
begun. Three collections of urine at 15 minute intervals were
obtained; these comprised the basal period. The volume of each
of the collected urines was measured and the same volume of 1 M
HCI was added immediately to keep Ca in solution. Triplicate
samples of 5l of diluted urine were transferred into scintillation
vials containing 10 ml Ecoscint A, (National Diagnostics, Atlanta,
GA, USA), while the remainder was kept on ice for measurement
of Ca concentration.
At the midpoint of each urine collection, —200 uJ of blood was
removed and plasma was obtained by centrifuging at 3000 rpm for
five minutes. Triplicate samples of 5 p1 of plasma were transferred
into scintillation vials containing 10 ml Ecoscint A, while the
remainder was placed in another tube on ice for measurement of
ultrafilterable (UF) Ca concentration.
Calcium concentration was measured by automatic fluoromet-
nc titration (Calcette; Precision Systems Inc., Natick, MA, USA).
Ultrafilterable Ca (UF Ca) was obtained by immediately ultrafil-
tering plasma at 4°C in an Amicon (Beverly, MA, USA) ultrafilter
centrifuged at 12,000 rpm for 30 minutes. Each of the filters was
covered with a cap to avoid evaporation. UF Ca was 70 to 75% of
total serum Ca in all rats, within the range reported by Toribara
et al [25] and Costanzo et al [21, 23].
14C-inulin (New England Nuclear, Boston, MA, USA) activity
was measured by beta liquid scintillation counter (Beckman, CA,
USA). GFR, filtered load of Ca (FL Ca), urinary Ca excretion
(UV), and fractional excretion of Ca (FEa) were calculated
according to standard formulas.
Diuretic period. After obtaining the basal collections, we further
divided both groups of rats into five subgroups of four rats each.
Control and GHS rats fed NCD were grouped by administered
diuretic (FUR, 0.5 mg/kg/hr [26], or CTZ, 0.5 mg/kg/mm; Sigma
Chemical Co., St. Louis, MO, USA) [27]) or vehicle (0.1%
ethanol, I mg/hr). Rats fed LCD were also divided into two
groups by type of diuretic infused. Diuretics or vehicle were
infused for 15 minutes prior to the initiation of the collections.
Three collections of urine and blood were obtained for radioac-
tivity and Ca. These collections comprised the diuretic period.
Statistics
Tests of significance were calculated using paired t-tests, anal-
ysis of variance with a Bonferroni correction for multiple com-
parisons and linear regression analysis by least squares, as appro-
priate (BMDP, UCLA, Los Angeles, CA, USA). Values are
expressed as mean s; P 0.05 was considered significant.
Results
Effect of diets and PTX
Weight. The Ctl and GHS rats fed NCD were of comparable
weight at the time of the clearance study, while GHS rats fed LCD
weighed less than Ctl or GHS rats fed NCD (Table 1).
Plasma calcium. Prior to PTX there was no difference in total
plasma Ca in Ctl and GHS rats fed NCD (Table 1). In Ctl rats,
LCD caused a small, but significant, reduction in total and UF Ca.
In GHS rats fed NCD or LCD, UF Ca was slightly lower than in
Ctl rats fed NCD.
Following PTX and prior to infusion of NS/Ca, the total Ca and
UF Ca were decreased to the same extent among the four groups
(Table 1). In each rat used in this study, the plasma Ca fell to
below 7 mg/dl following PTX. Continuous infusion of NS/Ca
restored UF Ca to within 0.1 mg/dl of pre PTX values in all four
groups.
Inulin clearance, filtered load of Ca and urinary Ca excretion
After the NS/Ca infusion was begun, the clearance study was
initiated. There was no difference in GFR among the four groups
(Fig. 1A). There was no difference in filtered load of Ca (FL Ca)
in GHS or Ctl rats fed NCD or LCD, averaging approximately 135
pg/mm (Fig. 1B). Fed NCD, UV and FEa were more than
three times higher in GHS than in the Ct! rats (UCaV, 5.1 0.1
g/min vs. 1.7 0.1, P < 0.01, Fig. 1C; FEa, 3.9 0.1% vs. 1.2 ±
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Table 1. Blood and urine data during inulin clearance studies in
control and hypercalciuric rats fed normal and low Ca diets
Measurement
Group
Ctl/NCD GHS/NCD Ctl/LCD GHSILCD
Number 12 12 8 8
Weightg 177 4 167 4 163 3 151 4CI
PCa (pre-PTX) 9.5 0.1 9.4 0.1 9.1 0.0' 9.2 0.1
PUF Ca (pre-PTX) 6.9 0.03 6.7 0.03a 6.8 0.04 6.7 0.03
PCa (post-PTX) 6.8 0.02 6.8 0.02 6.8 0.02 6.9 0.02
PUF Ca (post-PTX) 4.6 0.04 4.7 0.02 4.6 0.06 4.7 0.02
PUF Ca (during INF)
UCa (during INF)
UVp.1/min
6.8 0.1
8.6 0.1
9.7 0.1
6.8 0.1
14.7 0.2a
17.4 0.4a
6.7 0.1'
7.6 0.1C
10.4 01a,b
6.8 0.1
14.8 0.3
16.1 0.sa
All units of measurement in mgldl unless otherwise noted. Abbrevia-
tions are: Ctl, control rats; GHS, genetic hypercalciuric stone forming rats;
NCD, normal Ca diet; LCD, low Ca diet; P, plasma; PTX, parathyroid-
ectomized; UF, ultrafilterable; INF, infusion of CaCl2 after PTX; U, urine;
V, volume.
P < 0.05 vs. Ctl/NCD
b P < 0.05 vs. GHS/NCD
P < 0.05 vs. CU/LCD
0.1, P < 0.01, Fig. ID). Feeding LCD did not change UV and
in Ctl rats or UcV in GHS rats (Figs. I C, D); however,
there was a small but significant decrease in FEa in GHS rats fed
LCD (3.9 0.1% vs. 3.5 0.1%, P < 0.01). UV and FEa in
the GHS rats fed LCD were still three times higher than those in
Ctl rats (Figs. 1 C, D). Urine Ca concentrations in OHS rats were
approximately twice those of Ctl rats despite increased urine flow
rate (Table 1).
Polyuria of GHS rats
Urinary volume per mm (UV) was approximately two times
higher in GHS than Ctl rats fed NCD (Table 1). Feeding LCD
caused a small increase in UV in Ctl rats; however, there was no
change in GHS rats (Table 1).
In view of the polyuria of the GHS rats, it was possible that
replacement of urine with NS/Ca might volume expand the GHS
rats to a greater extent than Ctl rats and thereby account for the
hypercalciuria. Evidence against this possibility was obtained by
comparing the first and third collections of urine from GHS and
Ctl rats. Volume expansion, by replacing urine volume with saline,
should progressively increase UçaV to a larger extent in GHS
compared to Ctl rats. However, there was no difference in U(:aV
among the three urine collections in GHS or Ctl rats fed NCD or
LCD (Table 2). Further evidence against volume expansion is
seen in the vehicle treated rats (Table 3) in which the mean UCaV
of the second three collections (Vehicle) was not different from
that of the first three collections (Basal) in GHS and Ctl rats.
Diuretics
Effects on plasma LIE Ca and GEl?. In Ctl and GHS rats, plasma
UF Ca and GFR did not vary with time and were not altered by
infusion of either diuretics or vehicle (Table 4). The filtered load
of Ca did not differ in any group between baseline and treated
collection periods, except in the Ctl animals fed NCD and given
vehicle. In this case small numeric, statistically insignificant,
increases in plasma UF Ca and GFR led to a significant increase
in filtered load (Table 4).
Effects on urinary flow rate. Urinary flow rate (UV) in GHS rats
was nearly twice that of Ctl rats, as noted above. Both CTZ and
FUR increased UV approximately threefold in both groups of
rats, regardless of diet (Figs. 2 A, B), while the vehicle had no
effect (Table 3), indicating that the administered dose of each
diuretic was effective [26, 27]. The absolute increase in UV was
much larger in the GHS rats (-450 1.d/15 mm) compared to Ctls
(——280 1.d/15 mm).
Effects on UV CTZ caused a decrement in UaV in both Ct!
and GHS rats (Fig. 3A). In Ctl rats fed NCD, basal UaV was
—1.7 tg/min and this was decreased by 0.5 .tg/min with CTZ. In
OHS rats fed NCD, basal UaV was —5.3 .tg/min and this was
decreased by 2.2 j.tg/min with CTZ. There was a far greater
decrement in the change in UaV ( UcaV) in GHS rats given
CTZ compared to Ctls (Figs. 3 A, C).
FUR caused an increase in UaV in both Ctl and GHS rats
(Fig. 3B). In Ctl rats fed NCD, UaV was —1.7 g/min and this
was increased by 2.8 jsg/min with FUR. In GHS rats fed NCD,
UV was —5.3 pg/mm and this was increased by 2.0 Lg/min with
FUR. There was a significantly smaller increment in the change in
UcaV (i. UcaV) in GHS rats given FUR compared to Ctls (Figs.
3 B, C). Vehicle did not alter FEa or UV (Table 3).
Effect of LCD. LCD did not alter the UF Ca, GFR, or FL Ca in
any group (Table 4). Compared to rats fed NCD, feeding LCD did
not significantly alter basal or diuretic-induced UV in either Ctl or
GHS rats (Figs. 2 A, B). Both CTZ and FUR had a comparable
effect on UçV in rats fed LCD compared to those fed NCD (Fig.
3).
Discussion
When genetic hypercalciuric stone forming (OHS) rats are fed
a low Ca diet their urine Ca excretion markedly exceeds that of
comparably fed controls [17]. This observation suggests that
increased absorption of dietary Ca cannot be the sole explanation
for their hypercalciuria. In this study we examined the hypothesis
that the GHS rats have a defect in renal Ca reabsorption. To
eliminate the known effects of PTH on bone and kidney and to
obviate any influence of variations in the filtered load of Ca on
renal Ca reabsorption, we performed inulin clearance studies in
fasted parathyroidectomized rats. We found that fractional and
absolute excretion of Ca in OHS rats were three times that of
controls in spite of similar filtered loads of Ca.
Idiopathic hypercalciuria is one of the principal causes of
calcium-containing stones in the urinary tract [1, 2]; the patho-
physiology of this disorder has been investigated in an animal
model [13, 28]. One of us previously established a strain of rats
that excrete large amounts of urinary Ca. These animals have
been found to have increased intestinal Ca absorption [13, 14, 171,
and Li ci al [16] found that the number of intestinal vitamin
1,25(OH)2D3 receptors was increased in these animals. Subse-
quently, Kim et al [17] found that there must be an additional
mechanism to explain the hypercalciuria in this strain, because a
low Ca diet decreased urinary Ca excretion in GHS rats, but not
to the level of Ctl rats. We hypothesized that a defect of renal Ca
reabsorption may account for the difference in urinary Ca excre-
tion between GHS and Ct! rats.
In the present study, we found that urinary Ca excretion was
much higher in GHS rats than in comparably fed controls. After
PTX, UV was about three times higher in GHS compared to Ctl
rats despite a similar filtered load of Ca. Reduction of dietary Ca
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Fig. 1. Ca handling in control (Cd, LI L:) and genetic hypercalciuric stone forming (GHS, B, ) rats fed normal Ca diet (NCD) or a low Ca diet (LCD) for at least
seven days then subjected to PTX followed by inulin clearance studies. Despite (A) comparable GFR and (B) filtered loads of Ca (FL Ca), GHS rats demonstrated
increased (C) urinary Ca excretion (U,V) and (D) fractional excretion of Ca (FEa). Feeding Ctl rats LCD did not significantly reduce or FE
compared to rats fed NCD, while there was a small but significant decrease in FE, but not in the GHS rats fed LCD compared to NCD. Bars are
mean + SE; "P < 0.05 vs. Ctl rats fed NCD; hp < 0.05 vs. GHS rats fed NCD; "P < 0.05 vs. Ctl rats fed LCD.
Table 2. Urinary Ca excretion during the basal period, comparison of
three collections
Group Diet Collection I Collection 2 Collection 3
Cd NCD 1.65 0.02 1.68 0.02 1.64 0.02
OHS NCD 5.12 0.11 5.13 0.11 5.07 0.13
Ctl LCD 1.62 0.03 1.58 0.04 1.59 0.03
GHS LCD 4.77 0.06 4.77 0.09 4.71 0.10
Abbreviations are: Ctl, control rats; GHS, genetic hypercalciuric stone
forming rats; NCD, normal Ca diet; LCD, low Ca diet. Collections 1, 2,
and 3 were obtained sequentially during the basal period after a bolus of
NS/Ca, and urine was then replaced with NS/Ca. Urinary Ca excretion is
in rg/min.
(LCD) had a small impact on urinary Ca excretion in GHS rats;
UV was still three times greater in the GHS compared to Ctl
rats. Thus, we have demonstrated that there is a defect in renal Ca
reabsorption in GHS rats that is independent of diet and PTH.
In this rat model, untreated hypercalciuria causes Ca-contain-
Table 3. Paired data for vehicle treated rats
Measurement Group Basal Vehicle
UV pJ/l5 mm Ctl
GHS
149 5
242±7
151 5
241±8
FEE, % Ctl
GHS
1.22 0.04
3.72 0.13
1.22 0.04
3.74 0.12
UV pg/mm Ctl
GHS
1.65 0.05
4.90 0.13
1.67 0.05
4.91 0.15
Abbreviations are Ctl, control rats; GHS, genetic hypercalciuric stone
forming rats; UV, urinary flow rate; fractional excretion of Ca;
U.,V, urinary Ca excretion rate; Basal, first three collections; Vehicle,
second three collections, after 0.1% ethanol had been infused at 1 mg/hr.
Vehicle did not significantly alter UV, or UV.
ing stones in the kidney or urinary tract [15]. It is likely that
nephrolithiasis causes renal damage resulting in decreased renal
function. We have recently shown that there is a progressive
increase in the incidence of stones in GHS rats such that by 18
weeks all rats had formed stones, while no stones were formed in
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Table 4. Paired data for plasma UF Ca and GFR in control and genetic hypercalciuric rats fed normal or low Ca diets: Effects of diuretics
Diet Group Rx
P UF Ca GFR Filtered load
Basal Treated Basal Treated Basal Treated
NCD Cii
Cii
Ctl
GHS
GHS
GHS
VEH
CTZ
FUR
VEH
CTZ
FUR
6.76 0.01
6.83 0.02
6.84 0.05
6.77 0.01
6.84 0.02
6.84 0.02
6.78 0.02
6.86 0.02
6.83 0.02
6.78 0.01
6.84 0.03
6.81 0.04
1.99 0.01
2.01 0.01
2.01 0.02
1.95 0.03
1.92 0.08
1.92 0.07
2.01 0.02
1.97 0.03
2.01 0.01
1.94 0.02
1.89 0.07
1.89 0.10
134.5 0.7
137.0 0.7
137.7 2.4
131.3 5.7
131.7 5.0
132.0 1.9
136.5 lU
134.8 2.0
137.3 1.0
129.6 5.2
128.8 7.3
131.2 1.1
LCD CU
Cii
GHS
GHS
CTZ
FUR
CTZ
FUR
6.73 0.01
6.74 0.01
6.82 0.01
6.78 0.02
6.73 0.01
6.73 0.01
6.81 0.02
6.78 0.02
1.99 0.01
2.01 0.02
1.97 0.01
1.99 0.01
1.98 0.01
1.99 0.02
1.98 0.01
1.98 0.01
134.4 0.9
135.1 1.6
134.4 0.9
135.1 0.6
133.5 0.7
133.9 1.1
134.7 0.7
133.8 0.4
Abbreviations are: Diet, rats fed either NCD (normal Ca diet) or LCD (low Ca diet); Group, Ctl (control) or GHS (genetic hypercalciuric stone
forming); Rx, treatment with either VEH (vehicle), CTZ (chlorothiazide), or FUR (furosemide); P UF Ca, plasma ultrafilterable Ca (mgldl); GFR,
glomerular filtration rate (mI/mm); Filtered load, filtered load of Ca (jtglmin); Basal, first 3 clearance collections; Treated, second 3 clearance collections
(while the rats received either VEH, CTZ, or FUR); a P < 0.05 vs. Baseline period.
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Fig. 2. Effect of chlorothiazide (CTZ, A) orfiirosemide (FUR, B) on urinaty
flow rate. Abbreviations and symbols are: UV, urinary flow rate; NCD,
normal Ca diet; LCD, low Ca diet; Ctl, control rats; GHS, genetic
hypercalciuric stone forming rats; (—) basal period; (A) NCD Ctl; (•)
NCD GHS; (V) LCD Cli; (+) LCD GHS. Paired studies are connected by
lines; values are mean SE. UV was stimulated --3-fold by TZ (A) and
by FUR (B).
Ctl rats [15]. In the present study we considered that the mea-
surement of GFR might be a more sensitive indicator of early
renal damage. Although there was no difference in GFR between
GHS and Ctl rats, we found that GFR was correlated inversely
with weight in GHS rats fed NCD (Fig. 4). This suggests that as
the rats age, Ca deposition leads to a decrease in renal function.
The GFR did not correlate with weight in GHS rats fed LCD
(data not shown), indicating that a severe reduction in dietary Ca
may preserve renal function in these animals, albeit at the expense
of depleting bone mineral and growth [17]. In addition, and
perhaps more importantly, the finding of elevated UaV in GHS
rats fed LCD indicates that the defect in renal Ca reabsorption
cannot be attributed simply to a decline in renal function.
The LCD studies were utilized to eliminate any potential effect
of the absorption of retained dietary Ca in the clearance studies.
Even though we carefully measured the filtered load of Ca and
studied rats 18 hours after feeding, utilizing a diet virtually devoid
of Ca insured that gastrointestinal absorption of Ca could not
have played an important role in these experiments. In addition,
LCD prevented the decline in GFR which had been observed in
the GHS rats fed NCD.
We used the diuretics CTZ and FUR to further investigate the
mechanism for the decreased Ca reabsorption in GHS rats. In
both CtI and GHS rats, CTZ decreased UaV, however, the effect
was much larger in the GHS rats. In both Ctl and GHS rats, FUR
increased UaV, however, the effect was smaller in the GHS rats.
Although the directional changes in Ca transport were similar in
the Ctl and GHS rats, differences in the magnitude of the changes
allow us to speculate as to the site of the decreased Ca transport.
Thiazide diuretics, while causing a natriuresis, induce increased
renal Ca reabsorption [29, 301. Thiazides inhibit NaC1 reabsorp-
tion in the cortical diluting segment of the distal tubule [29, 31],
which is associated with increased net Ca reabsorption resulting in
decreased urinary Ca excretion [27, 32—341. Thiazides have been
used to treat hypercalciuric stone forming patients to decrease
urine Ca excretion and reduce urinary supersaturation with
respect to the solid phase [1, 7, 351.
Chiorothiazide induced a reduction in urinary Ca excretion that
was larger in the GHS than in comparably treated Ct! rats. These
findings indicate that the distal tubule is functional and responsive
to thiazides in the GHS rats. The more pronounced effect of CTZ
in the GHS rat may be secondary to a larger delivered load of Ca
to this tubule segment, attributable to inadequate Ca reabsorption
by more proximal sites such as the thick ascending limb or
proximal tubule. This suggests that the defect in Ca reabsorption
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Fig. 4. Linear regression of GFR versus weight in OHS rats fed NCD. There
was a significant inverse correlation between GFR and weight (r = 0.76,
N = 12, P < 0.01). There was no correlation between GFR and weight in
Ctl rats fed either NCD or LCD or in OHS rats fed LCD (data not shown).
in the OHS rat resides in segments more proximal to the distal
tubule of the nephron.
Unlike CTZ, FUR induces a brisk natriuresis and proportional
calciuresis [29, 30, 32]. FUR increases urinary Ca excretion by
Fig. 3. Effect of chiorothiazide (CTZ, A, C) or
furosemide (FUR, B, C) on Abbreviations
are: urinary Ca excretion; z
diuretic-induced UV minus basal UCaV;
NCD, normal Ca diet; LCD, low Ca diet; Ctl,
control rats; GHS, genetic hypercalciuric stone
forming rats; (—) basal period; (A, LII) NCD
Ctl; (•, ) NCD GHS; (V, L:::;) LCD Ctl; (+,) LCD GHS. Paired studies are connected by
lines; values are mean SE. UV was three
times higher in GHS compared to Ctl rats.
UCaV was decreased by CTZ, to a greater
extent in OHS compared to Ctl rats (A, C) and
increased by FUR, to a greater extent in Ctl
compared to GHS rats (B, C). P < 0.05
compared to comparably fed Ctl treated with
CTZ; 5P < 0.05 compared to comparably fed
Ctl treated with FUR.
reducing paracellular voltage-driven Ca transport in the thick
ascending limb via direct inhibition of the apical Na-K-2Cl
cotransporter [36—38]. Clinically, FUR has been used to increase
urine Ca excretion and lower serum Ca concentration [391. FUR
induced an increase in UV that was smaller in the GHS than in
comparably treated Ct! rats. These findings indicate that the thick
ascending limb is responsive to the diuretic in the GHS rats but
not to the extent observed in Ct! rats. We speculate that the thick
ascending limb may be the site of decreased renal Ca reabsorption
in the GHS rat. That is, the voltage-driven FUR-sensitive trans-
port of Ca is possibly impaired in the GHS rats, resulting in
hypercalciuria.
While these observations suggest that the site of the decreased
renal Ca reabsorption in the GHS rats is in the thick ascending
limb, they do not allow us to precisely localize the segment or
segments responsible for the excessive urine Ca excretion. If the
defect in Ca reabsorption were located at the proximal tubule, the
effects of FUR and CTZ would likely be comparable in both OHS
and Ct! rats. Analogously, if the defect were at the level of the
distal tubule, one would expect FUR to have a comparable effect
in the GHS and Ctl rats; however, CTZ would have a diminished
effect in the GHS rats. Alternatively, our studies do not rule out
defective Ca transport along several segments of the nephron,
such as might be observed with an abnormal Ca-ATPase. Further
studies, perhaps in isolated perfused tubules or cultured cells, will
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be required to identify the site of abnormal Ca reabsorption in the
GHS rat.
Some patients with nephrolithiasis have been shown to have a
decrease in bone mineral density [40, 41]. Given that hypercalci-
uria in GHS rats persists while consuming a low Ca diet and many
are in negative Ca balance [17], the source of the additional
urinary Ca can only be bone. CTZ decreases urinary Ca excretion
and may improve bone mineral density in humans [42]. The
combination of LCD and CTZ reduced UaV to levels lower than
either manipulation alone. However, the use of this combination
therapy will result in reduced bone mineral density, unless the
CTZ-induced decrease in UaV exceeds the LCD-induced de-
crease in dietary Ca absorption. These observations suggest that
the use of combination therapy such as LCD and CTZ must be
carefully studied in both children and adults prior to any clinical
application.
In summary, GHS rats excrete far more Ca than Ct! rats at the
same filtered load of Ca, indicating a defect in the renal transport
of Ca. The acute administration of CTZ decreased UaV in GHS
rats and this effect was greater in the GHS compared to Ctl rats.
FUR increased UaV but the effect was smaller in the GHS
compared to Ctl rats. These findings suggest that the defect in
renal tubular Ca reabsorption that we have identified in the GHS
rat may be at the level of the thick ascending limb of Henle's loop.
Further studies at the cellular and tubular levels will be needed to
localize and characterize the defect in renal Ca reabsorption in
GHS rats.
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